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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D,_I2

AXIAL-LOAD FATIGUE TESTS OF 2024-T3 AND

7075-T6 ALUMINUM-ALLOY SHEET SPECIMENS UNDER

CONSTANT- AND VARIABLE-AMPLITUDE LOADS

By Eugene C. Naumann, Herbert F. Hardrath,
and David E. Guthrie

SUMMARY

Sheet specimens of 2024-T3 and 7075-T6 aluminum alloy with a theo-

retical elastic stress concentration factor KT = 4.0 were subjected to

repeated axial loads. The load amplitude was held constant or varied by

steps to approximate a gust load history. The variable-amplitude test

data were analyzed assuming linear cumulative damage, and a limited sta-

tistical analysis was used to confirm conclusions. The value of the

summation of cycle ratios _ n was found to vary with material, loading
N

sequence, and mean stress.

In addition, the possible effects of load spectrum, block size,

number of stress steps, and S-N curve reliability are discussed.

INTRODUCTION

In recent years fatigue failures have caused catastrophic failures

in both commercial and military aircraft and have contributed to high

inspection and maintenance costs. In order to reduce the probability of

accidents of this nature, aircraft companies have initiated fatigue test

programs on various structural components. These fatigue tests are neces-

sary because there is presently no theory or method that can adequately

predict the fatigue life of a component subjected to the randomly varying

loading encountered in service. Because of time and cost limitations

these fatigue tests are necessarily simplified step tests. These step

tests, in turn, raise questions regarding the interpretation of the
results obtained.

The present investigation was undertaken in order to help answer

some of the questions raised concerning the validity of step testing.
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The tests were designed to provide systematic data on the effect of
varying such parameters as (1) the sequenceof load application; (2) the
mean stress on the specimen; (3) the numberof load cycles applied to
traverse the load sequenceone time; (4) the numberof load steps; and
(5) the gust frequency spectrum which was being approximated. In addi-
tion, this investigation provides constant- and variable-amplitude fatigue
test data which maybe used at somelater date in developing a theory or
theories whichmay reduce or eventually eliminate the need for component
testing.

Constant- and variable-amplitude axial-load fatigue tests were con-
ducted on notched sheet specimensmadeof either 2024-T3 or 7075-T6 alu-
minumalloy. The test results were analyzed by using Miner's hypothesis
(ref. 1), and a limited statistical analysis was utilized to determine
whether varying the parameters gave significant changes in the results.
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SYMBOLS

KT

N

n

Salt

Smax

Smean

Su

Vi

theoretical elastic stress concentration factor

fatigue life, cycles

number of cycles applied at a given stress level

alternating stress, ksi

maximum stress, ksi

mean stress, ksi

ultimate tensile strength of specimen, ksi

discrete gust velocities, fps

SPECIMENS

The specimens for this investigation were made from part of a stock

of commercial O.090-inch-thick 2024-T3 and 7075-T6 aluminum-alloy sheets

retained at the Langley Research Center for fatigue tests. The sheet

layouts for this fatigue stock are given in figure 1 of reference 2 and



the material properties are given in table V of reference 3. The tensile
properties of these materials are given in table I.

The specimenswere cut from material blanks that were numberedin
the manner descr,ibed in reference 2. Ten specimen blanks were cut from
each material blank and identi£!ed by adding a number (1 to 10) to the
material blank number. A typical specimen numbermight be AllTN1-6,
where A indicates the material (2024-T3), ll7 indicates that the specimen
was cut from sheet number ll7, N1 indicates the position within the sheet
from which the material blank was taken, and 6 indicates the position
within the material blank from which the specimenblank was taken.

The specimen dimensions are shownin figure l(a). The rolled sur-
faces were left as received and the longitudinal edges were machined and
notched in both edges to produce a theoretical elastic stress concentra-
tion factor KT of 4.0. This particular configuration was selected
because the fatigue behavior has been found to approximate the fatigue
behavior of the best current componentdesigns. (See ref. 4.) The notch
was formed by drilling a hole to form the notch root and then slotting
with a _- inch milling tool. In order to minimize residual stresses due

to machining, a small hole was drilled first and enlarged to the proper
radius by using progressively larger drills. For consistency# only sharp
drills were used in a drill press with constant automatic feed. Incre-
ments in drill diameters were 0.003 inch.

Burrs left in the machining process were removedby holding the
specimen lightly against a small cone of 00 grade steel wool rotating at
approximately 1,750 rpm. A schematic diagram of the deburring process
is shownin figure l(b). All specimenswere inspected and only those
free of surface blemishes in and near the notches were tested.

TESTINGMACHINES

Ten axial-load fatigue testing machines (hereinafter referred to by
numbers 1 to lO) with nominal capacity of ±20,000 pounds were used for
this investigation. The basic machine has a beamexcited to vibrate near
resonance by a rotating eccentric massdriven at 1,800 cpmby an electric
motor. The vibrating beamimparts axial forces to the specimenwhich
acts as one of the supports. Meanloads were applied and maintained by
adjusting the preload springs. A more detailed description of these
machines is given in reference 3.

Machines 6 to I0 were modified (fig. 2) so that high loads which
were to be applied for only a few cycles could be applied accurately.
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The modification included the following units: (i) an electrically
driven hydraulic pump, (2) a four-way solenoid valve, (3) a hydraulic
ram, attached to the lower grip with a removable pin, and (4) a semi-
automatic control device with adjustable load-llmlting switches, preset
counters for semiautomatic operation, and a manual control for applying
single load cycles.

The modification made it possible to apply accurately (1) a few
mediumload amplitudes semiautomatically (preset semiautomatic hydraulic
system)_ and (2) single large-amplitude cycles manually (manual hydraulic
system), in addition to the normal capabilities as a subresonant system.

The loads on the specimenwere monitored by utilizing weigh bars,
equipped with strain gages, in series with the specimen. For subresonant
loading the strain-gage output was fed into an alternating-current null-
bridge circuit the output of which was monitored on an oscilloscope. An
additional set of strain gages was added to the weigh bars for use with
the semiautomatic control device for the hydraulic system. The same
strain-gage circuit used to monitor the subresonant loading was used to
record continuously the loads applied hydraulically.

The load-measuring apparatus was calibrated periodically during this
investigation. The error in the load-measuring apparatus was thought not
to exceed ±12.5 pounds in the range of loads used. The load on the speci-
menwas maintained within ±25 pounds of the desired load for subresonant
loading and within ±50 pounds of the desired load for hydraulic loading.
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TEST PROCEDURE

Constant-Amplitude Tests

Those specimens which were expected to fail after more than

I0,000 cycles had been applied were tested in machines I to 5 at 1,800 cpm

using the procedure described in reference 3. The modified machines were

used hydraulically for those tests which were expected to end before

i0,000 cycles had been applied. Both methods of loadings were used to

perform a limited number of tests which lasted about i0,000 cycles in
order to provide a check on possible speed effects.

Variable-Amplitude Tests

All the variable-amplitude tests (except six tests which were con-

ducted in machine I0) were conducted in the modified machines (6 to 9).

For each stress step in these tests the preset counter was set for the

desired number of cycles and the load-limiting switches were adjusted to
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produce the desired maximum and minimum loads in the specimen. Once

properly adjusted, the load application was automatic and required only

occasional monitoring. The machine stopped loading automatically when

the predetermined number of cycles had been applied. The counter and

load-limiting switches were reset manually for the next stress step. All

the loading schedules utilized the three capabilities of the modified

machine.

Since it is assumed that any machine differences would be eliminated

by the calibration method used, no special effort was made to program the

order in which the tests were conducted. In general, similar tests were

conducted concurrently. However, because of machine failures and unusually

long-llved specimens this was not always possible.

Loadin_ schedules.- The loading schedules used in this investigation

were calculated to approximate the gust frequency spectra A or B given

in reference 5. Gust velocities were converted to stresses on the assump-

tion that stress is directly proportional to gust velocity and that a

30-fps gust produced design limit stress (_ Su). Thus, alternating stress

amplitudes were computed by the simple relation

Salt = (_ Su - S _ Vimeanj 30

The mean stresses used in these tests were chosen to cover a range

of values which might be used in design of aircraft. The highest values

were 17.4 ksi for 2024-T3 and 20 ksi for 7075-T6. These maximum values

correspond approximately to the stress which is obtained by using a

design limit load factor of 2.5 in combination with the static strength

of these specimens (for 2024-T3, the specimen static strength is 65.4 ksi

and for 7075-T6, it is 79.8 ksi).

The preceding relationship was used to obtain a stress frequency

spectrum for each combination of mean stress, material, and gust spectrum

used in this investigation. A typical stress frequency spectrum computed

in this manner is shown in figure 3. This particular spectrum is for

7075-T6 aluminum-alloy specimens tested with zero mean stress and repre-

sents gust frequency curve A from reference 5. This stress frequency

spectrum was reduced to an eight-step loading schedule by using a numeri-

cal integration process. The stress frequency spectrum was first divided

into eight equal stress bands (defined by horizontal dashed lines in

fig. 3)- An increment of linear cumulative damage (_-]_) was computed

for each stress band by further subdividing the stress band into 5 to

lO stress increments and computing a value of n_N for each increment.

The values of N for this computation were taken from the S-N curves
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shown in figures 6 and 9 of reference 6 and figure 8 of reference 7

(except for 2024-T3 aluminum alloy with Smean = 17.4 ksl). The number

of cycles n i for each stress increment was taken from the stress fre-

quency spectrum. The sum of the values of n i equaled the number of

cycles in the stress band (vertical solid lines in fig. 3). The stress

level to represent that stress band (horizontal solid lines in fig. 3)

was then chosen to yield a value of n/N equal to the value of V ni
/. N

computed for the same stress band. Because of the relative slopes of

the stress frequency spectrum and the S-N curve at various levels, the
representative stress level for each band fell at a different relative

position within the band it represented. Toward the low-stress end of

the spectrum the stress levels applied in the tests were below the middle

of the band by about l0 percent of the band width. Consequently, stress

levels for stress bands including stresses for which N _ _ were chosen

by arbitrarily placing them lO percent below the middle of the band they

represent.

The load schedule Just described was modified by multiplying all

In for one trav-numbers of cycles n by an arbitrary factor so that
11

erse of the schedule, hereinafter called a "block, was approximately O.1.

(In = l, ref. l) failure wouldThus, according to Miner's hypothesis _

be expected when lO blocks have been applied. In some cases the block

size was arbitrarily modified in order to investigate the effect of this

parameter on the results.

All the eight-step schedules were prepared in the above manner. In

addition, 18-step schedules were prepared by dividing the stress frequency

spectrum into 18 equal stress bands and representing each stress band by

the median stress in that stress band.

Schedules were prepared for each of the following conditions:

2024-T3 7075-T6

Smean, Stress Gust frequency Smean, Stress Gust frequency

ksi steps spectrum ksi steps spectrum

A
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17.4

17.4

17.4

0

18

18

8

8

B

A

A

A

20

lO

0

8

8

8

A

A
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The values of stress, cycles, and n/N for each stress step for each of

these conditions are given in tables II and III.

Loadin_ sequence.- The loading sequence refers to the order in which

the stress steps were applied in each block. The sequences used were as

follows:

(i) Lo-Hi: Lo-Hi sequences started with the lowest stress step and

proceeded through successively higher stress steps to the highest stress

step. (See fig. 4(a).)

(2) Hi-Lo: Hi-Lo sequences started with the highest stress step and

proceeded through successively lower stress steps to the lowest stress

step. (See fig. 4(b).)

(3) Lo-Hi-Lo: Lo-Hi-Lo sequences started (with one-half the number

of cycles normally applied at each stress step) with the lowest stress

step, proceeded through successively higher stress steps to the highest

stress step, and then proceeded through successively lower stress steps
to the lowest stress step. (See fig. 4(c).)

(4) Hi-Lo-Hi: Hi-Lo-Hi sequences started (with one-half the number

of cycles normally applied at each stress step) with the highest stress

step, proceeded through successively lower stress steps to the lowest

stress step, and then proceeded through successively higher stress steps

to the highest stress step. (See fig. 4(d).)

(5) Random: Random sequences started with an arbitrarily chosen

stress step and proceeded through the remaining stress steps according
to a schedule taken from a table of random numbers. A different stress-

step sequence was used for each of the first 20blocks (hereinafter called

random blocks); therefore, a given random sequence was not repeated unless

the specimen life exceeded 20 random blocks. (See fig. 4(e).)

RESULTS

Test Data

Constant-amplitude tests.- The results of the constant-amplltude

fatigue tests are given in tables IV and V. These data as well as simi-

lar data from references 6 and 7 are shown plotted in figures 5 and 6.

In these figures the ticks represent the scatter limits for the combined

data, the symbols represent the geometric means of the fatigue lives at a

given stress level, and the number corresponds to the number of data

points represented by the geometric mean. The solid curves represent

S-N curves faired through the data.
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Variable-amplitude tests.- The results of the variable-amplitude

fatigue tests are presented in tables VI and VII. The tests are divided

into groups which are defined by six parameters. These parameters are:

(1) material, (2) mean stress, (3) gust frequency spectrum approximated,

(4) number of load steps, (5) load sequence, and (6) number of cycles per

block.

Included in the tables is the number of the machine in which the

specimen was tested, the block and load step at failure, and the speci-
men life (total cycles).

Analysis of Data

Because there were six different parameters to be evaluated in this

investigation a common denominator was necessary in order to compare the

different groups of variable-amplitude test data. The linear cumulative

damage index _ was selected as the basis of comparison because of

its simplicity and generally accepted usage. Therefore, all the variable-

______namplitude test results were reduced to a value of _. The values of

N were taken from the S-N curves in figures 5 and 6.
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When all the test data in each group had been reduced to a value of

_n _n_, the Proschan method I was used to eliminate any test in which the

value was widely displaced from the _ values of the other tests in that

group. This method eliminated only 4 tests of i18_ which are identified in

tables VI and VII by footnotes. The same method was used to test constant-

amplitude data and only I point was discarded.

_n variable-amplitude tests are given inThe values of for the

tables VI and VII. In addition, the values of _ are presented graph-

ically in figures 7 and 8. In figures 7 and 8 the ticks represent the

scatter in the test data, the symbols represent the geometric mean of the

group of data, and the number corresponds to the number of tests in that

group.

In order to establish more definitely whether an effect was present

the data were compared statistically, with reference 8 as a guide. Two

groups of tests differing in only one variable were used for each compari-

son. In order to make this statistical analysis the distribution of _
L N

was assumed to be log normal and a 95-percent confidence level was used.

Iunpublished paper: "How to Decide Objectively Whether an Outlying

Observation Should be Rejected_" by Frank Proschan_ 1952.
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The standard deviations of the logarithms of _ were compared by the

"F" test (i.e., sample standard deviations are (or are not) significantly

I ndifferent) and the means of the logarithms of _ were compared by the

"t" test (i.e., sample means are (or are not) significantly different).

The results of the "t" tests and the ratio of the geometric means

for each of the test groups compared are presented in table VIII.

DISCUSSION OF RESULTS

General

The scatter in the constant-amplitude tests was not considered

excessive (ticks in figs. 5 and 6) even when data from the present inves-

tigation were combined with data from references 6 and 7. The limited

data on effect of speed indicated that this parameter caused no appreci-

able effect in the range investigated. However, as the present data were

added to those obtained in previous investigations, the S-N curves changed

shape somewhat. For example, the final shapes of curves for 7075-T6 speci-

mens are compared in figure 9 with the curves presented in references 6

and 7. The significance of this change in fairing is discussed in a
later section.

The scatter in the variable-amplitude tests (ticks in figs. 7 and 8)

was generally less than in the constant-amplitude tests and seldom exceeded

2 to 1 for any group of test data.

During the early phases of this investigation the variable-amplitude

I ntests conducted in machine 6 consistently had the highest value of

for a particular test group; however, the specimens tested in machine 9

produced the highest values in the later phases of the investigation.

In obtained from tests on 7075-T6In general, the values of

specimens were higher than those for 2024-T3 specimens (figs. 7 and 8).

The value of N was found to increase with increasing mean stress

and to vary with the sequence in which the loads were applied. In addi-

tion, the value of _ _ seemed to vary with the number of cycles per

block, the number of stress steps, and the gust frequency curve.



lO

SequenceEffect

Amonggroups of tests differing only in the sequence in which the
stresses were applied, the highest values of >'_ were obtained in
tests conducted with the Hi-Lo sequence and the lowest values were
obtained in tests conducted with the Lo-Hi sequence. The Random,Lo-Hi-Lo,

In with someand Hi-Lo-Hi sequences resulted in intermediate values of

tendency for results of Lo-Hi-Lo and Hi-Lo-Hi tests to be higher than the

results of tests with the Random sequence. The summary of the statistical

analysis presented in table VIII(a) indicates that the foregoing observa-

tions were supported in the great majority of cases. For example, the

_n for the tests with Lo-Hi sequence are shown to be sig-values of

nificantly lower than those for other sequences in all cases where com-

In for tests withparisons were possible. Similarly, the values of

the Hi-Lo sequence were significantly higher than others in all but two

72ncases. Differences between _ for Random sequence and for Hi-Lo-Hi

or Lo-Hi-Lo were smaller and significant in only two of seven possible

cases.

If the random sequence may be regarded as being most nearly repre-

sentative of service experience, it would appear that considerable bias

was introduced in the tests with Lo-Hi and Hi-Lo sequences of loading.

Additional work is needed to determine which of the sequences used in

this investigation reproduces service loadings most faithfully.

One possible explanation for high values of life in Hi-Ix) sequence

tests is that beneficial residual compressive stresses were produced by

application of high tensile loadings early in the test.
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Effect of Mean Stress

Values of >_ were consistently higher for tests with high values

of mean stress than for tests with lower values. This observation is

supported strongly by the statistical analysis (Gable VIII(b)) in all

cases where comparisons were possible between tests with 0 and 17.4 ksi

for 2024-T3 and between tests with 0 and 20 ksi mean stress for 7075-T6.

Differences between results of tests with mean stresses of 0 and lO ksi

were not statistically significant.

The probable reason for this behavior is that beneficial residual

stresses produced by tensile loadings are effective when the mean stress
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is positive, but are canceled by compression loads when the meanstress
is zero (ref. 9). The tests with Smean= i0 ksi are probably marginal
as regards their ability to show an effect.
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Material

L n computed for results of tests of 7075-T6 specimensValues of

were consistently higher than those for corresponding tests of 2024-T3

specimens; the statistical analysis indicated that these differences

were significant in all but two cases. (See table VIII(c).) This con-

clusion is probably less significant than is indicated by the statistical

_n are based upon S-N curves foranalysis because the calculations of

two different materials.

Number of Cycles Per Block

Comparisons to evaluate the effect of block size on _ are possi-

ble in only six cases (table VIII(d)). The results of these comparisons

are quite inconsistent. In three of the six cases the statistical treat-

ment indicated that smaller blocks produced significantly higher values

of _ than did larger blocks; in the other three cases the effects
g.p._ --

were not significantly different. It should be pointed out that block

sizes in the present investigation were varied within a limited range.

It is possible that effects would be found if much larger blocks were

used. Considerably more data would be required to establish whether

variations in block size in a practical ranga_produce a significant effect

on specimen life.

Number of Stress Steps

The data are not sufficient to evaluate the effect of the number of

stress steps used to simulate the stress spectrum. Table VIII(e) presents

conflicting data on this point.

Shape of Stress Frequency Spectrum

The data are insufficient to allow critical evaluation of the shape

of the stress frequency spectrum. The one comparison shown in table VIII(f)

is inconclusive; this is not surprising since other data (ref. !0) indicate
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no consistent effect even for spectra which differ muchmore than the
spectra used in the present investigation.

S-N Curve Reliability

As noted previously, the S-N curves were refaired as indicated in
figure 9 after additional constant-amplitude test results were obtained
in the present investigation. Since the value of fatigue life N is
taken from the S-N curve the cycle ratios, n/N, were greatly affected
by this revision in the S-N curves. In somecases individual stress
band cycle ratios changedmore than !00 percent and the sumof the cycle

_nratios _ for the load schedule as much as 35 percent. The results

presented in tables VI and VII and figures 7 and 8 were obtained using

the revised S-N curves, but the S-N curves taken from references 6 and 7

were used in the numerical-integration process for determining the test

schedules. It was found that by using the revised S-N curves the numeri-

cal integration would have yielded different values of stresses to repre-

sent the stress bands in some cases. The preceding discussion clearly

shows the necessity for establishing__,_a representative S-N curve, partic-

ularly if the values of >_ obtained from tests on similar specimen

configurations are to be used for comparative purposes. Failure to estab-

lish a reasonably reliable S-N curve may be responsible for some of the

_nlarge variations in _ or other life index used in discussing results

of variable-amplitude fatigue tests in the literature.
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Stress at Failure

For 7075-T6 specimens the stress step in which specimen failure

occurred had a definite pattern. For Smean = 0 ksi most of the spec-

imens failed at the higher stresses while for Smean = 20 ksi most of

the specimens failed at the lower stresses. (See fig. I0.) The pattern

was not so clear for 2024-T3 specimens_ however_ fewer tests with eight

steps were made. The sequence in which the loads were applied did not
seem to affect the load at failure.

CONCLUSIONS

The results of programmed variable-amplitude axial-load fatigue

tests of 2024-T3 and 7075-T6 aluminum-alloy sheet specimens support the

following conclusions:
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Ini. The values of the summation of cycle ratios _ for 7075-T6

specimens were consistently higher than the values obtained for 2024-T5

specimens.

2. The sequence in which the loads are applied has a marked effect

on the life of the specimen, with sequences involving progressively

increasing stresses within each block giving the shortest life and

sequences involving progressively decreasing stresses in each block

giving the longest life.

3. The mean stress at which the specimen is tested has an effect on

_, with the life increasing as the mean stress is increased.

4. A reasonable change in the fairing of the S-N curve produces an

appreciable change in the value of _'_.

5. Additional data are needed to establish effects due to the number

of load cycles per block, the number of load steps used to approximate

the load spectrum, and changes in the load spectrum.

Langley Research Center,

National Aeronautics and Space Administration,

Langley Field, Va., October 6, 1959.
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TABLE I.- TENSILE PROPERTIES OF ALUMINUM-ALLOY MATERIALS _STED

Av. Min. Max.

7075-T6 (152 tests):

Yield stress (0.2 percent offset), ksi ..... 75.50 71.54 79.79

Ultimate tensile strength, ksi ......... 82.94 79.84 84.54

Total elongation (2-inch gage length),

percent ................ 12.3 7.0 15.0

2024-T3 (147 tests):

Yield stress (0.2 percent offset), ksi • • • 52.05 46.88

Ultimate tensile strength, ksi ......... 72.14 70.27

Total elongation (2-1nch gage length),

percent ................... 21.6 15.0 25.0
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TABLE II.- VARIABLE-AMPLITUDE LOADING SCHEDULES FOR 2024-T5 ALUMINUM-ALLOY SPECIMENS

Step

Smean

Smax_ n n/N,
ksl per step

= 17.4 ksi; gust frequency curve B

1 18.1 62,000

2 19.5 24,000

3 20.9 9,400

4 22. 3 3,400

5 23.7 88O

6 25.1 220

7 26.5 60

8 27.9 26

9 29.3 7.8

i0 30.7 3.2

ii 32-1 1.8

12 33.5 .5

i3 34.9 .34

i4 36.3 .16

15 37.7 .08

i6 39.1 .054

17 40.5 .024

18 41.9 .012

Smean

_alO0,O00

0

0

.000235

.002618

.003260

.002296

.oo135o

.001000

.000520

.000348

.000295

.000119

.00o117

.000070

.000052

.000047

.000025

.o00o1>

_0.012367

= 17.4 ksi; gust frequency curve A

19.5 82,000

22.5 15,000

25.6 2,800

28.7 350

31.9 46

35.1 7.4

38.4 1.6

41.5 .35

ZblO0,205

0
.016660

.038360

.018940

.oo7o8o

.OO268O

.001208

.000466

_0.085394

Step Smax'
ksl

n n/N,
per step

Smean = 17.4 ksi; gust frequency curve A

i 18.1

2 19.5

3 20.9

4 22.3

5 23.7

6 25.1

7 26-5

8 27.9

9 29.3

lO 30.7

ii 32.1

12 33- 5

13 34.9

14 36.3

15 37.7

16 39.1

17 40.5

18 41-9

Smea__ = 0;

2.2

8.0

13.2

18.5

23.8

e9.2

34.8

40.4

46,800

27,200

14,_0

6,800

2,750

1,120

49O

200

80

39
18

7.6

3.0

1.3

.6

.3

.25

.09

ZI00,OO0

0

0

.0oo363

.005230

.010160

.Oli68o

.010650

.o07700

.oo533o

.004240

.002918

.001810

.001035

.000634

.000387

.000261

.0OO153

.00O113

_0.062664

gust frequency curve A

41,000

7,850

980

143

23

3

.73

.ii

_c50,000

0

.001869

.o196oo

.014300

.012105

.008824

.004294

.001896

Z0.062888

I
.--.1
_0
Co

aTests were also made at 5n.

bTests were also made at n/2.

CTests were also made at 2n.
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TABLE III.- VARIABLE-AMPLITUDE LOADING SCHEDULES

FOR 7075-T6 ALUMINUM-AI//)Y SPECIMENS

L

7
9

8

Step Smax' n n/N,
ksi per step

Smean = 20 ksi; gust frequency curve A

i

2

3
4

5
6

7
8

21.5

25.3

28.7

32.6

36.3
4o.1

45.9

47.5

42,000

7,500

I, 190

175
23

2.5
.5
.i

_a50,900

0

.046875

.071687

.050172

.007931

.001678

.000610

.000208

_o.159161

Smean = i0 ksi; gust frequency curve A

i

2

3
4

5
6

7
8

13

17.1
21.9

27.1

31.7
36.8

42.5

47.0

24,400

4,700

i,000

92

14

1.8

.3

.07

30,200

0

.oo9o38

.o50ooo

.02o9o9

.008485

.002687

.000231

.000121

_0.091471

l

Smean = O; gust frequency curve A

i

2

3
4

5
6

7
8

3.8

9.1

15.0

21.2

27.2

33.7
39.9

46.3

24,400

4,800
690

98
14

1.8

.33

.074

_50,000

0

.002087

.025091

.023333

.007778

.005625

.002538

.001276

_0.067728

aTests were also made at n/5.
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TABLE IV.- RESULTS OF CONSTANT-AMPLITUDE AXIAl-LOAD FATIGUE TESTS OF

2024-T3 ALL_4INUM-ALLOY SPECIMENS WITH K T = 4.0 EDGE NOTCH

ksi cycles ksi cycles

Smean = 0 ksi

A36N2-2 i

A26N2-5 34.5

A29N2-1

A29N2-2

A29N2-8 18

A29N2-3 1

A29N2-4

A26N2-1

A29N 2 -io

A2TN2-5 12
A26N2-4

A29N2-7

A39SI-IO

A43Sl-3

A$2Sl-7

A39SI-2

A$3Sl-6

A39SI-6

A39SI-4

A39SI-7

A39SI-I

A43SI-8

A_4SI-6

A42SI-I

A44Sl-7

A39Sl-3

A44SI-I0

A39SI-5

A43Sl-4

A43SI-9

A40SI-3

A39SI-8

A43Sl-10
A40Sl-8

A59SI-9

A_3Sl-5

A47SI-I

A47SI-10
A46SI-6

A46SI-10

A47Sl-7

174
146

15,000

14, O00

13,000

12,000

8,000

233,000

211,000

178,000

126,000

113,000

A29N2-5

A29N2-9

A29N2-6

A26N2-7

A2TN2-6

A2TN2-7

A27N2-8

A26N2-6

A36N2- i

A27N2-10
A36N2-4

7.25

Smean = 17.4 ksi

572

557

534

529

475

825

i,157

1,059

797

793

722

762

1,470

3,252

2,442

1,897

i, 691

i, 380

3,568

15,893

12,473

9,833

6,641

5, 544

14,000

14, CO0

13,000

12,000

ii, 000

A42SI-2

A42SI-6

A38SI-6

A42S1-4

A42Sl-5

A47Sl-6

A47Sl-5

A48SI-2

A48Sl-8

A48S1-10

A41SI-7

A41Sl-3
A41SI-10

A41SI-8

A46Sl-7

A46SI-5

A41S1-5

A47SI-9

A41SI-9

A38SI-I

A38S1-2

A41S1-4

A37Sl-lO

A38S1-9
A48S1-6

A57Sl-7

AJTSl-9

A37Sl-3

A37Sl-8

A45Sl-8

A45Sl-6

A37Sl-4

A37SZ-1

A45Sl-3

A46SI-2

27.5

25

I

22.5

22

21

716,000

300,000

197,000

6,284,COO

4,609,000

4,488,000

3,663,000

3,361,000

5,518,000

17,039,000

4,148,000

73,000

71,000

29,000

26,000

23,000

64,000

62,000

58,000

57,000

49,000

4,810,000

346,000

274,000

231,000

155,000

47,106,000

23,345,000

16,479,000

10,204,000

9,817,000

6,167,000

5,496,000

551,000

255,000

214,000

>169,709,000

146,780,000

141,040,000

>112,905,000

>i10,430,000

>70,568,000

53,157,000

52,381,000

14,952,000

605,000

t_
I

MC
(X
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TABLE V.- RESULTS OF CONSTANT-AMPLITUDE AXIAL-LOAD FATIGUE TESTS OF

7075-T6 ALK_4INL_-ALLOY SPECIMENS WITH K T = 4.0 EDGE NOTCH

cO

[.._
!

 oc onI lls ec on Ifoksl cycles ksl cycles
=_

Smean = 0 ksl

B55NI-5
B55NI-4 } 50

B59NI-10 > 40
B59NI-9

B60NI-4 )
B60NI-2 30

BI29SI-8

B59NI-8 ) 20
B6ON1-5

B6ONI-1

B55NI-I _ 15

_oONi-3 #

4O

36

136

iN)

917

865

654

6,000

6, 0o0

35,000

30,000

18, ooo

_mean

B55N1-6

B6Oni-7
B88NI-I

B59NI-6

B59_1-2

B59NI-5

B59_I-4

B59NI-3

B88NI-IO

B88NI- 7

B88NI-9

12

>IO

149,000

130,000

95,000

i, 292,000

673,000

532, 000

456,000

510,000

3,874,000

3,309,000

2, 290,000

= i0 ksl

B88N1-2
B29NI-4

B88NI-4

B27NI-6

B27N1-7

B27NI-2

B27N1- lO

B27NI-9

B55NI-9

B27N!-8
B55Ni- 5

B88N1-3

)
)

)

i13

5O 92
84

40 440
374

38.2 455

35 955

25 6,825

57,820

20 32, 990
29,000

22,520

B60NI-9

B59NI-7

B60Ni-i0

B60NI-6

B60NI-8

B5TNI-2

B57NI-3

B57NI-9

B55Nl-IO
B88N1-6

B55N1- 2

B27N1-5

I 18

15

i_i06,000

162,000

52,000

45,000

42,000

2,241, 000

2,102,000

i, 093,000

24,204,000

13,877,000

8,247,000

>I0,000,000

Smean = 20 ksi

B55NI-7

B55NI-8

BSTNI-I

B57NI- I0

B88N1- 5

B129SI-6

B56NI-8

B129SI-9

B129Sl-10

BI29Sl-5

)

)
5o

3O

25

363
509

13,000

lO, 800

9,000

674, 000

335,000

120,000

112,000

92,000

B129S1-4

B129S1-7

Bi28Sl-1

B56_1-9

B58N1-9

B58Nl-lO

B57_-5

B57N1-8

B57NI'7

B57NI-4

I 25

24.5

81,000

75,000

63,000

42, 000

9,648, ooo

5, 875, o00

176,000

44,606,000

18, 575,000

8, 355,000
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TABLE VI.- RESULTS OF VARIABLE-AMPLITUDE AXIAL-LOAD FATIGUE TESTS

OF 2024-T3 ALUMINUM-ALLOY SPECIMENS

(a) Smean = 17.4 ksi} gust frequency curve B; 18 stress steps

Number of cycles

per block

(approx.)
Specimen

Failure
Machine

number
Block Step

Lo-Hi sequence

Life,

cycles

i00,000

500,000

 AliN191 6 1811iiPAll6N1-2 8 80 12

108N1-5 8 47 12

Geometric mean ..................

"aA48SI_ 9

A36Sl-2

AIO7NI-I

A45SI-2

A47SI-2
A48SI-4

A45SI-9
AIO2NI-I

AIOSNI -i

• A58SI-7

i0

I0

6

i0

i0

iO

i0

7
8

I0

15 11 I

I0 15

9 8

9 5
9 5

7 12

7 7

7 6

7 5

9 15
Geometric mean ..................

Hi-Lo sequence

8,099,990

a7,999,990

_,049,000

"7,499,990

5,000,000

4,499,810

4,775,270

4,455,000

3,500,000

3,499,590

3,498,530

3,443,700

iOO,000

500,000

AIO7NI-3 6 178 14 17,699,820

AIO7NI-5 7 126 4 12,504,190

AIIgNI-8 7 79 3 __L410,430

Geometric mean .................. ii,8_

AIO3NI-1 6 53 9 26,036,740

AIO6NI-3 8 36 4 17,630,960

AIO6NI-5 7 55 5 17,061,470

AIO6NI-I 7 i 27 5 13,028,160

AIOINI-I 8 i 25 9 11,009,980

A106m-_ 6 I 18 _
Geometric mean .................. 14,559,0OO

Random

500,000

_AIIONI-I 6 35 14 a17,511,900

AIOgNI-2 7 21 2 i0,142,960

I AIOINI-IO 8 19 17 9,184,510

| AIOgNI-3 7 16 6 7,879,080

AIOSNI-7 8 15 i 12 7,1_34,870

AI05 NI-9 8 15 i 6 7,361,740

AIO9NI-9 7 15 ! 5 7,060,600

AIIONI-3 8 Ii ! 14 5,500,000

, AiOiN1-7 8 7 4
Geometric mean .................. 5j 9_8,O00

0.99

.98

0.99

a0.92

.61

.52

-49

._3

.41

.40

.37

2.17

1.54

3.26

2.18

2.16

1.68

L42

i. io

t.--S5

a2.14

1.29

1.13

1.03

.90

.89

.91

.67

i

M?

(b) Smean = 17.4 ksi; gust frequency curve A; 18 stress steps

Number of cycles

per block

(approx.)

Specimen Machine Failure Life, n

number Block Step cycles _

Random

iO0,000 IA11NllOl8I6;181AI2ON1-8 7 21 14

AIOSNI-8 7 16 18

AI22NI-7 9 19 17
Geometric mean ..................

2,501,000 i .63

2,020,800 1.30

1,525,280 .95

aNot included in geometric mean.
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CO

Oh
b-
I

Number of cycles

per block

(approx.)

100,200

TABLE V!.- RESULTS OF VARIABLE-AMPLITUDE AXIAL-LOAD FATIGUE TESTS

OF 2024-T3 ALUMINUM-ALLOY SPECIMENS - Concluded

(c) Smean = 17.4 ksi; gust frequency curve A; 8 stress steps

Specimen

Failure
Machine

number Block I Step

(b) i
Lo-Hi sequence

[AII6NI-6 7 7 4 701,040

AII6NI-5 6 6 4 600 _890

All6Nl-i ? 9 7

Geometric mean ................... 595,400

Life,

cycles

0.57

.48

Hi-Lo sequence

I00,200

io0,200

AII8NI-7 9 27 2 2,608,550

A!ISNI-8 6 24 5 2,304,790

AII�NI-7 7 21 2
Geometric mean .................. 2,294,000

Lo-HI-Lo sequence

AII5NI-I 7 19D 3 1,853,600

AII6NI-8 8 16A 7 1,555,190

AlllNI-5 6 15D 8

Geometric mean .................. 1,612,0OO

Hi-Lo-Hi sequence

iO0,200

AIIINI-3 6 18A 2 1,7D5,830

AIIINI-2 7 15A 3 !,450,290

AliiNi-4 6 14A 3 I_.C37___

Geometric mean 1,518,800

2.72
2.36
2.11

1.61

1.32

1.24

i .49

1.26

1.16

1.50

Random

50,100

100,200

I,,,o,_37 7i612750AII5NI-4 6 42 7 2,095,210

A113NI-4 7 34 6

Geometric mean ...... ; . . ......... 2_O201000

[AIIINI-6 i i F

J AII]_NI-I 8 15 F ! 1,402,9409 i_ i _ i I,_02,840
!AIIINI- 7 8 !_ F _ 1,202_%70

[AIISN1-2 i 9 i0 _ 903.240

Geometric mean .................. i,215_000

2.01

1.75

1.72

1.20

1.19

1.O3

1.O2

(d) Smean = 0 ksl; gust frequency curve A; 8 stress steps

Failure

Specimen Machine Life,
number cycles

N_mber of cycles

per block

(approx.)

Random

Block I Step

50,000

io0, OOO

AI_DNI-7 I 9 15 8

AI2LNI-4 I 9 12 7

AI21NI-3 I 8 iO 7

AIITNI=4 I 8 i0 7

Iki2Z_i'9 I 9 8 9

[Ai2ONi-9 I 9 8 6
Geometric mean .......... . ........

AII8NI-I 8 4 8

8 i 8
All _'T1-5 9 I 5 5

Geometric mean ...................

742,000

551,120

458,990

458,990

399,990

359,670

399,670

363,600

0.93

.75

.61

.61

.49

o.4k.

.k4

.30
0.39

- b A or D indicates ascending or descending portion of block.
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TABLE VII.- RESULTS OF VARIABLE-AMPLITUDE AXIAL-LOAD FATIGUE TESTS

OF 7075-T6 AIDMINL_-AI/_Y SPECIMENS

(a) Smean = 20 kst; gust frequency curve A; 8 stress steps

Number of cycles

er block
approx. )

Failure

Machine

Specimen number Block Step

(a)

Lo-Hi sequence

Life, fcycles N

103200

50,900

28NI-9

33NI-7

29NI-5

Geometric

B31N1-9
B26N1-2

B29NI-2

Be9_I-3

Geclnetric

6 57 4

8 39 6

7 37 4

mean ................

580,670

596,950

576,550

442,800

558,410

507,520

407,100

356,240

6 ii 3

7 i0 2

8 8 3

8 7 7

mean ................ 452,400

Hi-Lo sequence

1.81

i. 24

1.17

1.58

I. 64

1.48

1.27
1.12

1.36

50,900

!57NI-4

26NI-5

30N1-5

43NI-8

Geometric

6 31 6
8 26 2

7 24 1

9 23 2

mean . ...... . . . ......

1,526,730

1,281,170

1,179,380

1,121,300

1,268,000

4.78
4.14

3.83

3.63

4.04

Lo-Hi-Lo sequence

10,200

_B33NI-10

B32NI-I
B35NI-9

LB33NI-8

Geometric

1,012,900

950,460

695,82o

508,860

I

6 IOOD I 7

6 93A I 4
8 69A 2

9 503 5

mean ................ 762,000

Hi-Lo-Hi sequence

3.17

2.94
2.16

1.59

2.58

50,900

B98NI- 4

B50NI-7

B58NI-7

B58NI-8

Geometric

6 21A 5

7 2LA 4

6 19]) 6

7 18D 7

mean ................

1,068,710

1,068,700

916,550

865,630

975,700

5.38

3.36

2.87

2.71

3.05

Random

10,200

50,900

B33NI-6 7 I 75 2
B30N1-2 8 65 7

_B32NI-4 9 98 5

Geometric mean ................

B28N1-8 7 14 2
B26Nl-1 6 14 5

B43NI-7 8 12 3
B43NI-9 9 i0 3

Geometric mean ................

736,400 2.30

661,490 2.06

590,050 1.84

661,400 2.06

712,450 2.22
712,440 2.22

558,810 1-75

458,020 1.43

600,3oo 1.87

t_
i
-4
kO
oo

a A or D indicates ascending or descending portion of block.
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TABLE VII.- RESULTS OF VARIABLE-AMPLITUDE AXIAL-LOAD FATIGUE TESTS

OF 7075-T6 ALLMINUM-ALLOY SPECIMENS - Concluded

(b) Smean = I0 ksl; gust frequency curve A; 8 stress steps

Number of cycles

per block

(approx.)

Specimen

Machine Failure

number
Block Step

(a)

LO-HI sequence

Life s

cycles

Bh6NI-3 7 16A 6 468,170 i. 43

50,200 _ B39NI-6 9 I_D 2 410,030 i. 29

\ B39_I-7 6 12A _ _ 1.06

Geametrie mean ................... 385,000 1.25

R_nd_

| BhlNI-7 6 ii 6

/ B39Nl-8 8 Lo 4
h mail-8 9 lO 2
| BAIN1-8 7 9 3

__B4_l-7 6 7 5
Gec_etrlc mean ...................

_00,030
326,500
277,630
272_, 880

242, 790

282, bOO

30,200

1.90

.93

.91

.89

.81

.6_

(c) _mean = 0 ksl; gust frequency curve A; 8 stress steps

N_mber of cycles

per block

(approx.)

30,000

Specimen

Failure
Machine

n_ber
Block

Lo-Hi sequence

Step

9 17

6 ii

9 7
7 7
6 7

7 6

_+o. l - 2 6
B39NI-9 9

B41NI-4 8

B39NI-I 8

B4ON1-8 8

Bh_%'].-2 6

Geometric mean ...................

Life,

cycles

509,990

320, 7_0

210,020

210_020

210,020

2_,6oo

HI-Lo sequence

30,000

bBBhOmi-6 9 21 8

B39NI-10 6 21 8
B39NI-3 7 18 7

B46Nl-10 7 15 7

B38Nl-7 7 l_ 6

5TNI-5 7 7 8

Gecm_etric mean ........... . .......

600,o8o
600,080
510,

_20,060

790,O60

_96,300

1.09

.74

-_7

.h7

.47

._0

•57

1.}6
1.76

1.19

,95

1.12

Lo-HI-Lo sequence

[B2TNI-7 7 21A 6 615,150 i. 77

50,000 _B26NI-8 8 ITA 7 _95,080 1.12

[B27NI-4 8 14A 5 _ .90

Geometric mean ................... _97,700 l.ll

Random

B_hN1-9 9 26 7

_l-_ 9 18 7
B2_I-6 6 14 7
B_i-I 8 12 7

l _1-6 8 12 7
(B,_Ni-5 8 7 8

Gec_etr_c_ ..... , ......... , . . .

_0,000

779, 310

5_O, lid

398,150

7_O,83o

210,010

393,900

a A or D _ndicates aeoendl_g or _escending portion of block.

b Not included in geometric m_an_

1.7_

i. 22

.91

.8o
,8O

._7

.91
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P

81de

group

2O2h-t8-B-

17._-IO0,0OD Lo-Hi

2(_4-18-B- Hi-[_

17._-I00,O00

2(_4-18-B-

17.4-500,000 Lo-Hi

EO2h - 18-B-

17. h-_00,O00 Bi-Lo

20_k.18.B-

17. k.500,oo0 Randc_

2O2_ -8-A-

17.4-100,2oo Lo_Bi

2024 -8-A -

17. h-ICO, 2OO Hi-Lo

202_-8-A.

17.4 -i00,200 Lo-Hi-Lo

2O2#-8-A-

17. _-i00,200 Hl-Ia-Hi

202b, -8-A-

17. & -I00,200 Randam

7079-8-A-

20-10,2OO LO-Ht

7075-_A-

20-10,200 Lo-Hi-Lc

707_A-

20-10,200 Random

7075-8-4-

20-50,900 I_-HI

7075-8-A-

20-50,900 HI-Lo

7075-8-A-

2O__,_ Ei-Lo.Ei

70_9-8-A-

20-50,900 _*_iom

7075-8-A- [_-_[-5o

I0-_,2O0

7075-8-A-

I0-_0,200 Ra.dom

7075-8-A- Lo-E!

O-_O,OOO

TABLE VIII.- }{gSELTS OF STATISTICAL ANALYEIS OF VARIABLE-A_LITUDE FATIG[_ TEST_

ON 202_-73 kND 7075.%'6 ALOMI_M-_LOy SFFnD4K_S

[In the test.gro_ _eslgrmtton, the letters A _d B indlcste gwt frequency curve, the n_mbers 8 snd 18 indtcate

stress step, the n_bers 10,200 to 90O,00O indicate number or cycles per bloc_, the n_bers O, 10, 17._ , and

2O indicate the mean 8tress, and the £e_ Lo-Hi, Ht-Lo, etc. ind_cste the sequence]

(a) Effect or sequence
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Yes Yes

0.58 _ No

0.67 1,15

0.5

0,75 2.lg
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TABLE VIII.- _TS OF STATISTICAL ANALYSIS OF VARIABLE-AMPLITUDE FATIGUE TESTS

ON 2024-T5 AND 7075-T6 ALUMINUM-ALLOY SFECB4_S - Continued

(b) Effect of mean stress

group _

\ _ o o _ o o

2024-8-A- 17.4 _ Yes YesRandom-50, i00

2024-8-A- 17.4 _ Yes Yes

Random-!O0,200 \

2024-8-A-Random_50,OO O O 2.78 1.6

2024-8-A- _-Random-lOO, 000 0 4.44 2.6

7075-8-A-Lo-HI-IO, 2OO 20 Yes

7075-8-A-Lo-Hi-50,900 20 Yes

7075-8-A- ILo-Hi-50,0OO O 2.4 2..5

7075-8-A-

Hi_Lo_50,900 20

_ _ _ o_ o_ o_

o o R o o o o o o

17075-8-A-

Ri-Lo-50,O00

7075-8-A-

LO-_I-Lo-IO,200 20

7075-8-A-
10

Lo-R_-Lo-30, 2OO

7075-8-A- 0

L0-Hi -Lo-30 ,OOO

7075-8-A- 2O
Random-lO,200

7075-8-A-

Random-50_9OO 20

7075-8-A-

Random-30,200 iO

7075-8-A- 0

R&ndom-50,OOO

__es Yes

_] \ _o
\2.15 I 1.12

!

\

I

--Sample geometric means are significantly different

Ratio of sample geometric means, Top__

Side group

iYes Yes

Yes Yes

2.53 2.1 _ No

2.25 2.0 0.97
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TABLE VIII.- P/_ULTS OF STATISTICAL ANALYSIS OF VARIABLE-AMPLITUDE FATIGUE TESTS

ON 2024-T3 AND 7075-T6 ALUMINI_-ALLOY SPECIMENS - Continued

(¢) Effect of material

L

,o g oo
aOOTop _,_ @. "_,; ....

_o_p _o,, =,_, W_ 3g,, 3J, .

Side _ -_

r.o-RI-8-A-20-10,200 7075 Yes

Lo-HI-8-A- 7075 " Yes

2o-5o,900

Lo-HI-8-A-17.h_I00,200 2024 2.83 2.78

H1-Lo-8-A-20-50,900 7075 Yes

Hi-Lo-8-A- 2024

17.5-100,200

Lo-Hi-Lo-8-A-

20-10,200 7075

Lo-HI-Lo-8-A-
2024

17.h-iO,2OO

_-N-5O,9OO 7075

iHi-_-RI-8-A-
117.uL_oo,_o 2oe4

Random-8-A-

20-10,200 7075

Random-8-A-

20-50,900 7075

Random-8-A-

17._-50,i00 2024
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Random-8-A- I

0-30,000 7075+I

! t i i
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LTY ......
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2.55
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TABLE VIII.- RESULTS OF STATISTICAL ANALYSIS OF VARIABLE-AMPLITUDE FATIGUE TESTS

ON 2024-T3 AND 7075-T6 ALI_INL_-kLLOy SPECIMenS - Concluded

(d) Effect of number of cycles per block

Top

group

Side

SOSL-18-B-

17.__Lo_Hi i00,000

2024-18_B-

17.4_Lo._i _30, OC_

2024-18-B-

17.4-Hi-Lo I00,000

2024-18-B-

17.4__i.L0 500, 000

2024-8-A-
17.4-Random 50,100

2024-8-A-

17. _.Rando a I00,200

2O24 -8-A -

O -Random 50,000

20eg-8-A-

O-Randc_ i00.000

7075-8-A-
20-[m-Hi 10,2OO

7075-8-A-
20-Lo-Hi 90,900

7075-8-A-
20-Rand_m i0_200

7075-8-A-
20-Random DO,gO0

...... _, _,=,
; . • e4 •

t_ t--

i

Yes

2.2 I_ .....

,. 0.79

co o

g 8 _° 8 _° g £ g

J __

1.0 _

i.i0

Yes

1.60

(e) Effect of stress stcp (f) Effect of gust frequency curve

Top

group

Side igroup

_and°m--=_" I00

202_ -!7. h-A_ 8
Random- I00,200

202_-!7"i_-A- 18 I 1.491 {

I _ i Yes

[

\ I _ol

,n "' _6
TOp _ _ _ O

20S4-18-17,_-
Nandom-lO0,000 A No

Random_500,0OO B 1.56

--Sample geometric means are _ignlflcantly different

Ratlu of s_ple geometric means, Top_oup

Side group
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(a) Specimen dimensions. (b) Deburring technique.

Figure I.- Sheet-speclmen details.
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Figure lO.- Stress at failure in variable-amplitude fatigue tests of
7079-T6 alumlnum-alloy specimens.
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